Cannabis is one of the most widely used illicit substances and there is growing interest in the association between cannabis use and psychosis. Delta-9-Tetrahydrocannabinol (D-9-THC) the principal active ingredient of cannabis has been shown to induce psychotomimetic and amnestic effects in healthy individuals. Whether people who frequently use cannabis are either protected from or are tolerant to these effects of D-9-THC has not been established. In a 3-day, double-blind, randomized, placebo-controlled study, the dose-related effects of 0, 2.5, and 5 mg intravenous D-9-THC were studied in 30 frequent users of cannabis and compared to 22 healthy controls. D-9-THC (1) produced transient psychotomimetic effects and perceptual alterations; (2) impaired memory and attention; (3) increased subjective effects of 'high'; (4) produced tachycardia; and (5) increased serum cortisol in both groups. However, relative to controls, frequent users showed blunted responses to the psychotomimetic, perceptual altering, cognitive impairing, anxiogenic, and cortisol increasing effects of D-9-THC but not to its euphoric effects. Frequent users also had lower prolactin levels. These data suggest that frequent users of cannabis are either inherently blunted in their response to, and/or develop tolerance to the psychotomimetic, perceptual altering, amnestic, endocrine, and other effects of cannabinoids.
INTRODUCTION
Cannabis is one of the most widely used illicit substances and recent evidence suggests an increase in the prevalence of cannabis use, abuse, and dependence (Compton et al, 2004; SAMHSA, 2004; Stinson et al, 2006) . There is considerable interest in the association between cannabis and psychosis (D 'Souza, 2007; Hall et al, 2004; Henquet et al, 2005; Leweke et al, 2004; Verdoux and Tournier, 2004; Weiser and Noy, 2005) . A growing number of studies suggest that the acute administration of cannabinoids including delta-9-tetrahydrocannabinol (D-9-THC), nabilone, and cannabis induces a broad range of transient symptoms, behaviors, and cognitive deficits in healthy individuals that resemble some aspects of endogenous psychoses (D 'Souza, 2007; D'Souza et al, 2004; Henquet et al, 2006a; Leweke et al, 2004 Leweke et al, , 2000 Leweke et al, , 1999 . But whether individuals who frequently use cannabis also experience such effects has not been clearly established.
While tolerance to some of the effects of cannabinoids has been reported (Green et al, 2003; Lichtman and Martin, 2005) whether tolerance develops to the psychotomimetic effects of cannabinoids is not clear. Alternatively, individuals who frequently use cannabis may be 'protected' from its psychotomimetic and other undesirable effects, similar to individuals at high risk for alcoholism (Schuckit, 1985a (Schuckit, , 2000 Schuckit et al, 2004) . Finally, it is unclear whether intermittent exposure to cannabis is associated with the development of tolerance (Lichtman et al, 2002) .
The experimental data on cannabinoid effects is mainly based on studies of individuals with substantial exposure to cannabis. Thus, if cannabis exposure is associated with the development of tolerance or if individuals who use/abuse cannabis are protected from some of its undesirable effects, then the existing experimental literature may likely underestimate the effects of cannabinoids in cannabis naive or less experienced individuals.
METHODS
It was hypothesized that individuals who currently use cannabis frequently, hitherto referred to as frequent users, were differentially sensitive to the psychotomimetic, amnestic, perceptual altering, and endocrine effects of D-9-THC. This randomized, double-blind, placebo-controlled study was conducted between 1998 and 2004 at the Neurobiological Studies Unit (VA Connecticut Healthcare System (VACHS), West Haven, CT) and the Abraham Ribicoff Research Facilities (Connecticut Mental Health Center, New Haven, CT). Subjects were recruited by advertisements and by word of mouth, and were paid for their participation. The study was approved by the Protocol Review Committee of the Department of Psychiatry, Yale University School of Medicine (YUSM) and the Institutional Review Boards of both VACHS and YUSM, and was carried out in accordance with the Helsinki Declaration of 1975. Subjects were informed about the potential for adverse effects of D-9-THC including psychosis, anxiety, and panic.
Subjects
Current frequent users of cannabis and healthy controls were studied in parallel. Current frequent users were defined as having (1) a positive urine toxicological test for cannabis at screening, and (2) at least 10 exposures to cannabis within the past month as quantified by a time line follow back approach (Sobell and Sobell, 1992) . These subjects also met criteria for current DSM-IV cannabis abuse disorder while none of the controls did. Controls were required to have (1) a negative urine toxicological test at screening, (2) no exposure to cannabis in the past week, and (3) no more than one exposure to cannabis in the past month. Data in healthy controls have been reported elsewhere (D 'Souza et al, 2004) .
After obtaining written informed consent, subjects (18-55 years) underwent a structured psychiatric interview for DSM-IIIR or IV (First et al, 2002) and were carefully screened for any DSM Axis I or Axis II lifetime psychiatric or substance use disorder (excluding cannabis abuse in the case of frequent users and nicotine in both groups) and family history of major Axis I disorder. All subjects were asked to estimate their lifetime cannabis exposure (number of times), heaviest exposure, and last exposure to cannabis. Cannabis-naive individuals were excluded to minimize any risk of promoting future cannabis use/abuse as were cannabis-dependent individuals. The history provided by subjects was confirmed by a telephone interview conducted with an individual (spouse or family member) identified by the subject prior to screening. A general, physical, and neurological examination, EKG and laboratory tests (serum electrolytes, liver function tests, complete blood count with differential, and urine toxicology) were also conducted. Both groups were instructed to refrain from alcohol, illicit drugs or prescription drugs not approved by the research team for 2 weeks before the study and throughout study participation. Frequent users were permitted to use cannabis until 24 h prior to each test day, to minimize cannabis withdrawal.
Subjects completed 3 test days during which they received D-9-THC (2.5 or 5 mg), or vehicle by intravenous (i.v.) route in a randomized, counterbalanced order under doubleblind conditions (Table 1 ) (D 'Souza et al, 2004) . Staff and both groups of subjects received identical information without reference to any hypothesized group differences.
Drugs
The preparation, formulation, and storage of D-9-THC solution are reported elsewhere (D 'Souza et al, 2004) . For the control condition, an equivalent volume (D2 ml) of ethanol (vehicle) was used which was undetectable in multiple post-injection samples. As reviewed elsewhere (D 'Souza et al, 2004) , the i.v route of administration, while not socially relevant, was chosen to standardize the delivery Blood sampling: D-9-THC and THC-COOH
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Blood sampling: D-9-THC and THC-COOH of D-9-THC. Subjects were administered D-9-THC, a point that should be noted in interpreting the results. Wachtel et al (2002) , have shown that the psychoactive effects of not cannabis in healthy volunteers are primarily due to D-9-THC.
Test Days
Test days were separated by at least 1 week (43 times the elimination half life of D-9-THC) to minimize carryover effects Table 1 . Subjects fasted overnight, reported to the test facility around 0800 h, and were provided a standard breakfast. Urine toxicology was conducted on the morning of each test day to rule out recent illicit drug use. A positive urine drug screen resulted in exclusion from the study except when positive for cannabis in the frequent user group. A positive urine pregnancy test also resulted in exclusion. In-study safety procedures are described elsewhere (D 'Souza et al, 2004) .
Outcome Measures
Intelligence Quotient (IQ) was measured using the Slosson IQ scale (Slosson, 1963) . The behavioral and cognitive outcome measures (Table 1) which were selected with a focus on psychosis, are described in detail elsewhere (D 'Souza et al, 2004) . Positive, negative, and general symptoms associated with schizophrenia were assessed using the Positive and Negative Syndrome Scale for Schizophrenia (PANSS) (Kay et al, 1989) , perceptual alterations were measured using the Clinician Administered Dissociative Symptoms Scale (CADSS) (Bremner et al, 1998) and feeling states ('high', 'calm and relaxed,' and 'anxiety') associated with cannabis intoxication were measured using a self-reported visual analog scale (Haertzen, 1965 (Haertzen, , 1966 . The same research coordinators rated all 3 test days for each subject. Interrater reliability sessions were conducted every 1-2 months and for example, Intraclass Correlation Coefficient for the PANSS was consistently greater than 0.85. A cognitive test battery in a fixed sequence was initiated 30 min after D-9-THC administration. Unlike other measures, the cognitive battery was administered only once per test day. Verbal learning and immediate and delayed recall were measured using equivalent versions of the Hopkins Verbal Learning Test (HVLT) (Brandt, 1991; Bylsma et al, 1991) . Vigilance and distractibility to visual stimuli were measured using a continuous performance task (CPT) (Gordon, 1986) in which subjects attended to numbers presented sequentially on a screen. Subjects were instructed to push a button to signal when a '9' was preceded by a '1'. The distractibility task was identical to the vigilance task with the exception that numbers were presented sequentially in three contiguous columns. Subjects were instructed to attend to the middle column and ignore the outer two columns. Heart rate was measured continuously using a pulse oximeter. However, heart rate data was recorded for analysis as an outcome measure only at predetermined time points.
Blood was sampled from the i.v. line from the arm opposite to the one used for administering study drug (D 'Souza et al, 2004) for D-9-THC, its primary inactive metabolite 11-nor-D-9-THC-9-COOH (THC-COOH), prolactin, and cortisol. D-9-THC and THC-COOH were only assayed from samples taken on the active D-9-THC test days. Endocrine measures were collected to provide biological indices of possible baseline and D-9-THC-induced group differences. Immediately after collection, blood samples were placed on ice, centrifuged, and the extracted plasma was alliquoted into vials for storage at À701C until assayed. Prolactin and cortisol assays were run in duplicate pairs using antibody radioimmunoassay.
A field sobriety test was conducted at the end of each test day. The study was amended to include prospective safety assessments at 1, 3 and 6 months after the last test session to query cannabis use or the emergence of any new medical or psychiatric symptoms.
Statistical Analyses
All statistical analyses were performed in SAS Version 8.2. Baseline differences and changes from baseline were assessed in separate models. Unlike in parallel randomized controlled trials where randomization balances measured and unmeasured covariates, in this study baseline differences were expected but not of primary interest. Hence, while each measure was compared at baseline to detect baseline differences since the focus of the analysis was to detect group difference in response to D-9-THC, the change from baseline was of primary interest. Normal probability plots and Kolmogorov-Smirnov test statistics showed nonnormality and positive skewness of the distributions of the score changes. The absence of variance during the placebo D-9-THC (vehicle) administration and the highly skewed responses during the D-9-THC conditions necessitated the use of a nonparametric approach for repeated measures data (Brunner et al, 2002 ). An additional advantage of this statistical approach is that it analyzes all available data on each subject including data collected on subjects who dropped out. The data were first rank-transformed and then PROC MIXED was used to fit mixed effects models with unconstrained variance-covariance structure on the ranked data. p-values for the tests of the within-subject effects were adjusted as described by Brunner et al, (2002) . PANSS scores, VAS scores, CADSS clinician and CADSS subject ratings were analyzed using a nonparametric mixed model with dose (placebo, 2.5 and 5 mg) and time (P10, P80, P200) as within-subject factors and group (abuser, non-abuser) as a between-subject factor. Verbal memory (HVLT) and measures of sustained attention (CPT) were analyzed using a nonparametric mixed model with dose (placebo, 2.5, 5 mg) as a within-subject factor and group as a betweensubject factor. D-9-THC levels were analyzed in the same way restricting the dose levels to 2.5 and 5 mg since the main interest of this analysis was to rule out pharmacokinetic differences between groups on the active D-9-THC conditions. Age and IQ were included as covariates in the analysis. Contrasts were used to explain significant interactions and main effects. The overall a level for each hypothesis was fixed at 0.05. Bonferroni correction was applied within but not across hypotheses. For example, for delayed recall (HVLT), a cutoff a level of 0.05/3 ¼ 0.0167 was used to declare effects significant for each subscale.
For repeated measures (PANSS, CADSS, VAS), the main interaction of interest (group Â dose Â time) is always reported. For cognitive measures (HVLT, CPT) the main interaction of interest (group Â dose) is always reported. Other interactions are reported only when the main interaction is significant. Non significant results are not reported unless otherwise specified.
RESULTS
Frequent users (n ¼ 30) and healthy control subjects (n ¼ 22) were not significantly different for age, education, socioeconomic status, or smoking status (Tables 2 and 3) . However, frequent users (119 ± 15) had significantly lower (p ¼ 0.045) IQ scores than controls (130±19), which was used as a covariate in the analysis. There were no significant group differences in dropout rates (p ¼ 0.64 Fisher's exact test).
Relative to controls, frequent users had significantly greater recent (past month) cannabis exposure and lifetime exposure to cannabis (Table 3) . Further, all the frequent users reported having used cannabis sometime within 72 h prior to each test day, but not within the 24 h preceding each test day. In contrast, controls reported not having used cannabis in the week prior to each test day.
Perceptual Alterations (Cadss)
CADSS clinician-rated perceptual alterations. There were no significant baseline group differences (Figure 1 ). Post hoc analyses were conducted to compare the two groups by dose at the 10 and 80 time points. There were no significant group differences either at 10 or 80 min for placebo. However, frequent users showed significantly smaller increases relative to controls both at 10 min (ATS ¼ 4.95, df ¼ 1, p ¼ 0.0261) and 80 min (ATS ¼ 5.21, df ¼ 1, p ¼ 0.0224) for 2.5 mg D-9-THC. Similar differences were observed on 5 mg D-9-THC at both 10 min (ATS ¼ 4.05, df ¼ 1, p ¼ 0.0441) and 80 min (ATS ¼ 13.47, df ¼ 1, p ¼ 0.0002). 
Self-Reported Feeling States Associated With The Cannabis Response
Visual analog scale (VAS) 'high'. There were no significant baseline group differences ( Figure 2 Visual analog scale (vas) 'anxiety'. There were no significant baseline group differences (Figure 2 ). Delayed free recall. D-9-THC impaired delayed recall in both groups (dose effect (ATS ¼ 5.97, df ¼ 1.87, p ¼ 0.003)) ( Figure 3 ). There was a significant group Â dose interaction effect (ATS ¼ 4.29, df ¼ 1.87, p ¼ 0.02) with frequent users showing smaller D-9-THC-induced recall impairments than controls. Delayed recognition recall. D-9-THC did not impair recognition recall. Finally, D-9-THC increased the number of intrusions (dose ATS ¼ 4.48, df ¼ 1.84, p ¼ 0.013) and false-positive responses (dose ATS ¼ 9.04, df ¼ 1.96, p ¼ 0.0001) in both groups, but there were no significant group differences or group by dose interactions.
Attention
Vigilance. D-9-THC increased omission (dose ATS ¼ 4.11, df ¼ 1.92, p ¼ 0.02) and commission (dose ATS ¼ 3.04, df ¼ 1.98, p ¼ 0.05) errors in both groups on the vigilance task. While the group effect was not significant for both omission and commission errors, there was a significant group by dose interaction such that the difference between 5 mg and placebo dose was significant in frequent users (ATS ¼ 10.77, df ¼ 1, p ¼ 0.002 for omissions and ATS ¼ 6.91, df ¼ 1, p ¼ 0.01 for commissions) but not in controls.
Distractibility. While D-9-THC increased omission errors (dose ATS ¼ 6.14, df ¼ 1.57, p ¼ 0.005) in both groups, the group and group Â dose interaction were not significant. There were no significant group, dose or dose Â group effects on commission errors.
Heart Rate D-9-THC increased heart rate in a dose dependent manner (dose: F (1,427) ¼ 65.5, po0.0001; dose Â time (F (8,427) ¼ 21.1, po0.0001) without any significant group differences.
Plasma D-9-THC and 11-nor-D-9-THC-9-COOH (THC-COOH) levels. Plasma D-9-THC levels increased in a dose-dependent manner (dose: ATS ¼ 7.70, df ¼ 1.43, p ¼ 0.002) and peaked at + 10 min (82 ( ± 87) ng/dl for the 2.5 mg dose, and 119 (±166) ng/dl for the 5 mg dose). There Immediate recall: frequent users performed worse at baseline, but had smaller D-9-THC-induced impairments than controls. Delayed recall: D-9-THC impaired delayed recall in both groups. Only in frequent users, recall was worse on placebo than the low dose.
Blunted psychotomimetic and amnestic effects DC D'Souza et al was significant individual variability in D-9-THC levels. However, there were no significant group differences (ATS ¼ 0.82, df ¼ 1, p ¼ 0.36) or group by dose interactive effects on plasma D-9-THC levels (ATS ¼ 0.29, df ¼ 1.43, p ¼ 0.67). As expected, relative to controls, frequent users had higher baseline plasma levels of THC-COOH the principal inactive metabolite of D-9-THC (ATS ¼ 105.56, df ¼ 1, po0.0001). However, there were no significant group by dose interaction effects on plasma THC-COOH levels (ATS ¼ 1.14, df ¼ 1.53, p ¼ 0.52). 
Plasma Cortisol And Prolactin

DISCUSSION
This is the first report to our knowledge comparing the behavioral, subjective, cognitive, physiological, and endocrine effects of intravenous D-9-THC in frequent users of cannabis and controls.
D-9-THC produced a spectrum of expected behavioral, subjective, cardiovascular, and endocrine effects in both frequent users and controls. However, there were differences between the two groups. In summary, frequent users showed blunted D-9-THC-induced perceptual alterations (CADSS), psychotomimetic effects (PANSS), 'anxiety' (VAS), recall impairments, and increases in plasma cortisol. In addition, the acute effects of D-9-THC on several measures tended to resolve faster in frequent users as compared to controls. Frequent users also had lower baseline prolactin levels. Overall, the magnitude of the group differences in D-9-THC effects ranged in effect sizes of 0.38 for psychotomimetic effects (PANSS) to 0.78 for anxiety (VAS). These group differences cannot be explained by pharmacokinetic differences since there were no group differences in plasma D-9-THC or D-9-THC-COOH levels. In contrast to the above, frequent users were no different from controls in their response to D-9-THC-induced feeling states of 'high' and 'calm and relaxed' (VAS). Similarly, there were no group differences in the tachycardiac effects of D-9-THC. The finding of greater D-9-THC-induced commission and omission errors only on the vigilance task in frequent users is surprising since it contrasts with the general trend of frequent users showing blunted D-9-THC effects.
Feeling 'high', 'calm and relaxed', mellow, and creative are characterized as 'desirable' or positive effects of cannabis while paranoia, hallucinations, anxiety, perceptual alterations, and memory impairments are characterized as 'undesirable' or 'negative' effects (Green et al, 2003) . Taken collectively, frequent users showed blunted responses to some of the 'undesirable' effects of D-9-THC but not to its 'desirable' effects. These group differences in D-9-THC effects raise the possibilities that frequent users develop tolerance to the negative effects of D-9-THC and/or are 'protected' from these effects.
Tolerance
There is considerable preclinical evidence demonstrating tolerance to most of the pharmacological effects of cannabinoids (reviewed in Gonzalez et al, 2005; Lichtman and Martin, 2005; Martin et al, 2004) . However, the evidence supporting tolerance in humans is limited. Self-report (Anthony and Trinkoff, 1989) Blunted psychotomimetic and amnestic effects DC D 'Souza et al 1976 'Souza et al , 1981 and direct observational (Haney et al, 1999a, b) studies in humans suggest that with heavy and prolonged exposure to cannabis tolerance develops to some of its subjective and physiological effects reviewed in Lichtman and Martin, 2005 . Intriguingly, Leweke et al, 2007 recently showed that frequent cannabis exposure may downregulate anandamide signaling in schizophrenic patients, but not healthy individuals. But, whether tolerance develops to the psychotomimetic and amnestic effects of cannabinoids has not been systematically studied. In light of the current focus on the association between cannabis and psychosis, this would be important. One interpretation of the current results is that frequent cannabis use is associated with the development of tolerance to the psychotomimetic effects of D-9-THC. Behavioral tolerance to chronic D-9-THC exposure is associated with tolerance to its cerebral metabolic effects; these effects are regionally and temporally distinct (Whitlow et al, 2003) . D-9-THC-tolerant rats also show elevated anandamide levels in limbic but not other brain regions (Di Marzo et al, 2000) .
The mechanisms underlying the development of tolerance are not fully understood. What is known is that the development of tolerance is accompanied by CB1 receptor downregulation and desensitization of CB1 receptormediated G-protein activation. Both downregulation and desensitization develop at varying rates and magnitudes in different regions (Breivogel et al, 1999; Rodriguez de Fonseca et al, 1994; Romero et al, 1998 Romero et al, , 1995 Rubino et al, 2000a, b; Sim-Selley and Martin, 2002; Sim-Selley et al, 2006) . For example, CB1 receptor downregulation and desensitization occurs faster and with greater magnitude in the hippocampus compared to the basal ganglia. In the current study, frequent users showed blunted responses to the amnestic but not to the euphoric effects of D-9-THC, which are believed to be mediated by different regions: the hippocampus and basal ganglia, respectively. Thus, the regional variation in the magnitude and rate of CB1 receptor adaptation may provide a possible explanation for the differential blunting of D-9-THC effects observed in frequent users. As reviewed by Martin et al, 2004 the precise mechanism underlying adaptation of CB1 receptor function might involve internalization of the receptor, decreased receptor synthesis, etc.
The group differences in D-9-THC-induced subjective, behavioral, and cognitive effects were complemented by endocrine group differences. This is the first report that we are aware of demonstrating lower prolactin levels and blunted D-9-THC-induced cortisol release in frequent cannabis users as compared to healthy controls. Cannabinoids increase ACTH and cortisol release via CB-1R activation in the hypothalamus pituitary (HPA) axis (Pagotto et al, 2006) . The blunted D-9-THC-induced cortisol release in frequent users of cannabis is consistent with the animal literature (Murphy et al, 1998a) . The latter is thought to reflect tolerance secondary to a downregulation of CB-1R in the HPA axis. The absence of group differences in baseline cortisol levels may be explained by the lack of very early morning (o0600 h) sampling.
Cannabinoids produce a predominantly late inhibitory effect on prolactin release (Harclerode, 1984; Murphy et al, 1998b; Pagotto et al, 2006) , which is mediated by CB-1R activation of tuberoinfundibular DA neurons (Rodriguez De Fonseca et al, 1992) . D-9-THC failed to reduce prolactin release; this may be explained by the short sampling duration. However, consistent with preclinical evidence that chronic exposure to cannabinoids leads to a long lasting suppression of prolactin release (de Miguel et al, 1998b) , frequent users of cannabis had significantly lower prolactin levels compared to controls.
Frequent users had equivalent 'high,' 'calm and relaxed' feelings, and tachycardia induced by D-9-THC. Perhaps, as discussed earlier, tolerance to the various effects of D-9-THC develops at different rates reviewed in Gonzalez et al, 2005 . In animals, tolerance for some effects of cannabinoids (eg, analgesia, motor inhibition hypothermia) occurs within the range of 3-7 days (Abood et al, 1993; Pertwee et al, 1993; Rubino et al, 1997) , whereas the memory (Hampson et al, 2003) and endocrine effects (de Miguel et al, 1998a; Gonzalez et al, 1999) , take from weeks to months to develop. These data suggest that the neural mechanisms underlying the various different brain effects of cannabinoids adapt differentially to prolonged cannabinoid exposure reviewed in Gonzalez et al, 2005 . Alternatively, (frequent) users of cannabis may be innately 'protected' from some of the negative effects of cannabis.
Innate Differences
Several recent studies provide examples of how innate differences may account for some of the variance in the response to cannabis and also the risk for cannabis use disorders. Higher concordance in the subjective response to cannabis in monozygotic vs dizygotic twins (Lyons et al, 1997) , identification of specific CB1 receptor haplotypes that contribute to the risk of developing cannabis dependence symptoms (Hopfer et al, 2006) , and recent evidence of linkage for cannabis dependence on chromosome 3q21 and 9q34 (Hopfer et al, 2007) suggest genetic influences on the cannabis response. Finally, recent evidence suggests that a single nucleotide polymorphism of the catechol-methyltransferase (COMT) gene may influence vulnerability to the psychotomimetic effects of cannabis (Caspi et al, 2005; Henquet et al, 2006b) . While admittedly speculative, innate differences may contribute to the blunted 'negative' effects of D-9-THC in frequent users.
Another interpretation of the study results is that frequent users may discount negative subjective effects more than infrequent users that is, the controls in this study. While this cannot be ruled out, it is hard to extend such an explanation to the group differences in performance-based (eg, memory) and endocrine measures, which are less likely to be influenced by subjective effects.
Group Differences In Baseline And D-9-Thc-Induced Recall Deficits
Relative to controls, frequent users had significantly worse baseline (placebo condition) immediate, delayed, and cued recall (Figure 3 ). Whether these baseline differences reflect long-term or residual effects of cannabis, or innate differences is unclear. Importantly however, despite having lower IQ scores and worse recall at baseline (placebo condition), frequent users had blunted D-9-THC-induced immediate recall impairment relative to controls. Another intriguing finding of this study is that frequent users had better delayed recall under the influence of 2.5 mg D-9-THC (9.54 ± 1.79), relative to the placebo condition (8.89 ± 1.76) (Figure 3 ). While these differences were not statistically significant (ATS ¼ 1.24, df ¼ 15, p ¼ 0.27), they are consistent with and similar to other studies showing that acute exposure to cannabis normalizes the cognitive deficits associated with long-term cannabis use (Kelleher et al, 2004; Solowij, 1995 Solowij, , 1998 . This pattern of effects is also consistent with unpublished observations in ongoing studies at our center (D'Souza et al, in review) and may represent a distinct response of frequent users to low doses of D-9-THC. Perhaps state (D-9-THC)-dependent learning or the reversal of withdrawal might explain the better performance under 2.5 mg D-9-THC dose in frequent users. The latter is unlikely given the absence of any baseline symptoms suggestive of withdrawal for example, nervousness, anxiety, irritability, restlessness reviewed in Budney et al, 2004 and the exclusion of cannabis dependence.
Implications For Cannabis-Related Psychosis
Individuals without any psychotic disorder, family history of psychosis or other Axis 1 disorder who frequently use cannabis may be innately protected and/or develop tolerance to the psychotomimetic and amnestic effects of D-9-THC. However, these data may not be relevant to individuals who have a risk for psychosis or have an established psychotic disorder.
The findings are relevant to a growing literature suggesting an association between cannabis exposure and the risk of developing a psychotic disorder. Thus, studies of individuals with significant cannabis exposure may find a lower risk for psychotic disorders, since as our data suggest these individuals either develop tolerance to or are inherently less vulnerable to the psychotomimetic effects of cannabis. Further, in association studies it may be possible that beyond a certain, albeit unspecified, magnitude of cannabis exposure, the likelihood of finding an increased risk of psychosis may actually decrease.
Implications For Cannabis Addiction
Despite the reported reinforcing effects of cannabis most people who try cannabis do not develop a cannabis use disorder (Kandel and Chen, 2000) . Understanding why some but not other individuals go on to abuse cannabis is important. According to some addiction hypotheses, individuals who have either enhanced positive effects or reduced negative effects of a drug may be more likely to become addicted to it. This is perhaps best illustrated in the alcohol literature (Conrod et al, 2001; Newlin and Thomson, 1990; Pollock, 1992; Schuckit, 1985c Schuckit, , 1994 Schuckit et al, 1991a Schuckit et al, , b, 1996 . Despite similar blood alcohol levels, individuals at risk for alcoholism by family history, showed reduced consequences of alcohol administration including: (1) subjective feelings of intoxication, (2) smaller increases in body sway, (3) altered neuroendocrine responses, and (4) reduced facial flushing (Schuckit, 1985b) . Follow-up studies have shown that a 'low response' to alcohol in this group was the strongest and most specific predictor of subsequent development of alcoholism (Schuckit, 1994) . It has been hypothesized that individual who are less sensitive to some of the sedative or negative effects of alcohol, may be unable to regulate their drinking because they lack a negative feedback, a 'brake' on drinking, and are therefore at risk for misusing it. Similarly, individuals at risk for nicotine addiction have blunted sensitivity to the 'negative' effects, but heightened sensitivity to the 'positive' effects of nicotine (Eissenberg and Balster, 2000) . Therefore, lower druginduced negative reinforcement and either intact or higher positive reinforcement might promote the likelihood of drug abuse. Positive reactions to early cannabis use have been associated with an increased risk of later cannabis dependence (Fergusson et al, 2003b) . In this study, while frequent users showed blunted responses to some of the 'negative' or 'undesirable' effects of D-9-THC (eg, anxiety, psychotomimetic effects), they were no different from controls in their response to some of the desirable effects of D-9-THC (eg, feeling 'high' and 'calm & relaxed'). While admittedly speculative, we suggest that blunted responses to the negative effects of D-9-THC may provide an explanation as to why some individuals may be more likely to abuse cannabis (Fergusson et al, 2003a; Lyons et al, 1997) .
Limitations
Perhaps a more balanced battery of assessments that included more measures of 'positive' effects may not have shown this profile of group differences predominantly in 'undesirable' effects of cannabinoids. Further, since expectancy to drug effects was not measured or manipulated it is unknown whether expectancy may have contributed to the results. However, given that participation was voluntary and that both groups had experience with cannabis, albeit to different degrees, it is unlikely that subjects had strong negative expectancy to drug effects. As discussed elsewhere (D 'Souza et al, 2004) , the intravenous route, the speed of drug administration, and the subjects not being able to 'titrate' the dose or rate of administration is different from recreational cannabis use or the substantial literature on studies with smoked and oral D-9-THC administration. Nevertheless, the experimental controls in the current study address some of the confounding factors associated with naturalistic studies or studies with oral/smoked D-9-THC (D 'Souza et al, 2004) . Further, this study involved the administration of D-9-THC and not cannabis. Cannabis consists of several compounds that may modulate D-9-THC effects (Hollister, 1988) and have 'entourage' effects (Mechoulam and Ben-Shabat, 1999; Russo and McPartland, 2003) . For example, cannabidiol (CBD) may offset some D-9-THC effects by its anxiolytic effects (Guimaraes et al, 1994; Zuardi et al, 1982) , antipsychotic-like effects (Zuardi et al, 1995 (Zuardi et al, , 1991 , and may block the conversion of D-9-THC to the more psychoactive 11-hydroxy-THC (Bornheim et al, 1995) . A recent clinical trial showed that stand alone cannabidiol was as effective as the gold standard antipsychotic Amisulpiride in the treatment of acutely ill schizophrenic patients (Leweke, 2007) . Nevertheless, to reduce any potentially confounding effects of other cannabinoids present in herbal cannabis, only D-9-THC, was administered in this study. Finally, this study was not designed to discriminate the contributions of tolerance and innate differences to the group differences observed.
In summary, there are differences in the psychotomimetic, amnestic, endocrine, and subjective effects of D-9-THC between frequent users of cannabis and healthy controls. The precise neurobiology of these differences remains unclear and warrants further investigation. These differences may be important to consider in reviewing the existing literature on cannabinoid effects in humans. Since the latter is largely based on the study of people who use cannabis, the existing literature may underestimate the magnitude of effects of cannabinoids. These differences may also have implications for cannabis-related psychosis and addiction.
